Cycloclasticus bacteria are ubiquitous in oil-rich regions of the ocean and are known for their ability to degrade polycyclic aromatic hydrocarbons (PAHs). In this study, we describe Cycloclasticus that have established a symbiosis with Bathymodiolus heckerae mussels and poecilosclerid sponges from asphalt-rich, deep-sea oil seeps at Campeche Knolls in the southern Gulf of Mexico. Genomic and transcriptomic analyses revealed that, in contrast to all previously known Cycloclasticus, the symbiotic Cycloclasticus appears to lack the genes needed for PAH degradation. Instead, these symbionts use propane and other short-chain alkanes such as ethane and butane as carbon and energy sources, thus expanding the limited range of substrates known to power chemosynthetic symbioses. Analyses of short-chain alkanes in the environment of the Campeche Knolls symbioses revealed that these are present at high concentrations (in the μM to mM range). Comparative genomic analyses revealed high similarities between the genes used by the symbiotic Cycloclasticus to degrade short-chain alkanes and those of free-living Cycloclasticus that bloomed during the Deepwater Horizon oil spill. Our results indicate that the metabolic versatility of bacteria within the Cycloclasticus clade is higher than previously assumed, and highlight the expanded role of these keystone species in the degradation of marine hydrocarbons.
F ossil hydrocarbons, abundant in seafloor reservoirs as petroleum and natural gas deposits, fuel the global economy and play an important role in biogeochemical cycles 1 . Natural seepage of fossil hydrocarbon has a pronounced effect on marine ecosystems 2 and the atmosphere [3] [4] [5] , and anthropogenic oil discharge has farreaching ramifications for the environment [6] [7] [8] . The presence of oil and natural gas in the water column affects the microbial community, which responds rapidly to hydrocarbon infusions [9] [10] [11] [12] . These intrinsic microbes play an important role in the bioremediation of hydrocarbon pollution 13 . For example, oil plume bacteria have the potential to mitigate persistent and toxic pollutants, such as polycyclic aromatic hydrocarbons (PAHs) [14] [15] [16] . One group of ubiquitous marine PAH degraders are Cycloclasticus 17 , so named for their metabolic capability 18 . To date, all cultured Cycloclasticus are able to degrade PAHs, and there is considerable physiological and genomic evidence that uncultivated Cycloclasticus are also able to derive carbon and energy from the oxidation of PAHs (refs 12, 19-23) .
Natural hydrocarbon seepage from the subsurface reservoirs at Campeche Knolls, in the southern Gulf of Mexico, provides an opportunity to study microbial hydrocarbon degradation in the deep sea. At Campeche Knolls, asphalt volcanoes at about 3,000 m water depth (for example, Chapopote and Mictlan) are characterized by flows of heavy oil with hotspots of fresh oil and gas emission 24, 25 . Despite the hostile conditions, Chapopote and Mictlan harbour rich invertebrate communities typical of many other hydrocarbon seeps in the Gulf of Mexico (Fig. 1) . These include vestimentiferan tubeworms, bathymodiolin mussels, vesicomyid clams and sponges [24] [25] [26] . These invertebrates live in symbiosis with chemosynthetic bacteria, which provide them with nutrition from carbon and energy sources that cannot be used directly by animals, such as hydrogen sulfide and methane 24, 25 .
Two bathymodiolin mussel species co-occur at Campeche Knolls, Bathymodiolus heckerae and B. brooksi. The gill tissues of these mussels are densely colonized by two types of endosymbiotic gammaproteobacteria that use reduced sulfur compounds and methane as energy sources 27, 28 . In addition to these thiotrophic and methanotrophic symbionts, Cycloclasticus were described from gill cells of the only two B. heckerae individuals collected at Chapopote in 2006 (ref. 28) . The authors hypothesized thatsimilar to cultivated Cycloclasticus-the B. heckerae Cycloclasticus might use PAHs as a carbon and energy source. This assumption was supported by PCR amplification of two key genes for the use of aromatic compounds, and stable carbon isotope signatures consistent with the use of PAHs from the Chapopote environment 28 .
In March 2015 we revisited the Campeche Knolls and investigated the association of Cycloclasticus with B. heckerae in more detail. In addition, we examined sponges from the Campeche Knolls, as Cycloclasticus were recently found in the poecilosclerid sponge Myxilla methanophila from hydrocarbon seeps on the upper Louisiana slope of the Gulf of Mexico 29 . We were able to extract and assemble high-quality Cycloclasticus draft genomes from the metagenomes of four B. heckerae mussels, one sponge species with an encrusting morphotype (two individuals) and one sponge species with a branching morphotype (one individual). Metabolic reconstruction of the Cycloclasticus genomes, complemented by transcriptomic and proteomic analyses, provided insights into the carbon and energy sources that fuel these symbionts. Analyses of gas and oil drops as well as asphalt and gas hydrates from the collection sites confirmed the presence of substrates predicted to play an important role in the metabolism of the Cycloclasticus symbionts. By identifying homologous key genes and transcripts in environmental data sets from the Deepwater Horizon (DWH) oil spill, we show that the carbon and energy pathways we discovered in the symbiotic Cycloclasticus may have also played a central role in the metabolism of free-living Cycloclasticus that bloomed en masse in the subsurface DWH hydrocarbon plume.
Results and discussion
B. heckerae mussels and two sponge species have host-specific Cycloclasticus 16S rRNA phylotypes. Eight B. heckerae individuals collected at Chapopote in 2015 were examined in this study. All had 16S rRNA sequences that were highly similar (>99.9%) to those of Cycloclasticus symbionts found in the two B. heckerae individuals sampled from Chapopote in 2006 (ref. 28 ) based on sequence analyses of PCR products (Supplementary Methods). Fluorescence in situ hybridization (FISH) with a probe targeting Cycloclasticus showed the intracellular location of the symbionts in B. heckerae gill bacteriocytes, where they co-occurred with previously described thiotrophic and methanotrophic symbionts 28 ( Fig. 2a,b ). The relative abundance of Cycloclasticus in five B. heckerae individuals, based on estimates from Illumina metagenomic reads that mapped to the Cycloclasticus 16S rRNA gene, ranged from 5.1% to 10.7% (Supplementary Table 1 ). We also examined four B. brooksi individuals that co-occurred with B. heckerae in Chapopote using sequencing (15-49 million Illumina reads), FISH and PCR (Supplementary Methods). As in the two B. brooksi individuals collected at Chapopote in 2006, no Cycloclasticus were found in B. brooksi individuals collected in 2015.
Cycloclasticus were found in all three sponge individuals collected at Chapopote and Mictlan (Fig. 2c,d and Supplementary  Table 1 ). Their abundances ranged between 4.1% and 8.0% based on the number of reads that mapped to the 16S rRNA gene of the sponge Cycloclasticus (Supplementary Table 1 ). The two encrusting sponges collected from Chapopote and Mictlan belonged to the same species based on 100% identical cytochrome c oxidase subunit I (COI) gene sequences, while the branching sponge individual belonged to a different species based on COI comparisons (10% nucleotide difference to COI of the encrusting sponge) and phylogenetic analyses ( Supplementary Fig. 1 ). Both the encrusting and the branching sponge belong to the order Poecilosclerida based on their COI phylogeny ( Supplementary Fig. 1 ). Phylogenetic analyses of the Cycloclasticus 16S rRNA gene sequences from the Campeche Knoll B. heckerae mussels and sponges revealed that they belonged to a closely related clade (98% similarity) of cultivated and environmental Cycloclasticus often found in oil-contaminated habitats (Fig. 3) . The mussel and sponge Cycloclasticus were phylogenetically distinct from cultivated Cycloclasticus, such as C. pugetii, which have all been shown to grow on PAHs (Fig. 3 ). In all three Campeche Knoll invertebrate species, the Cycloclasticus sequences were specific to the host species from which they originated, and phylogenetically distinct from each other. The closest relatives of the Cycloclasticus from the encrusting sponge were Cycloclasticus from the hydrocarbon seep sponge Myxilla methanophila (Gulf of Mexico), while the Cycloclasticus of B. heckerae was most closely related to uncultured Cycloclasticus in the oil and gas plume from the DWH well blowout (Fig. 3 ). The branching sponge Cycloclasticus were also related to bacteria from uncultured DWH Cycloclasticus, as well as bacteria from an ethane enrichment and from invertebrate hosts from chemosynthetic environments ( Fig. 3) .
Given that B. heckerae and the two sponge species each harboured a specific Cycloclasticus 16S rRNA phylotype that differed between these three host species, but was nearly identical between individuals of the same host species (including host individuals from the two collection sites Chapopote and Mictlan, separated by 25 km), we use the term 'symbiotic' for these host-specific bacteria.
Symbiotic Cycloclasticus genotypes are specific to their host species. We assembled draft Cycloclasticus genomes from the metagenomic sequencing of four B. heckerae individuals collected at Chapopote in 2015. The B. heckerae Cycloclasticus genomes had estimated sizes of 2.1-2.2 Mb, GC contents of 42%, and were 93-97% complete (Supplementary Table 3 ). The Cycloclasticus genomes from the four B. heckerae individuals were highly similar based on their average nucleotide identity (ANI, ≥99.95%, Supplementary Table 4 ) and phylogenomic analyses based on 11 single-copy genes ( Supplementary Fig. 2 ).
Draft Cycloclasticus genomes from the two sponge species had estimated sizes of 1.6-2.3 Mb, GC contents of 43-44%, and were 90-95% complete (Supplementary Table 3 ). The Cycloclasticus genomes from the two encrusting sponge individuals were highly similar to each other (ANI = 99.8%), despite the fact that these hosts were collected at two different sites separated by 20 km (Chapopote and Mictlan, Fig. 1 ). Their genomes differed considerably from the Cycloclasticus genome of the branching sponge (ANI = 79.8%) and the B. heckerae mussels (ANI values <80%, Supplementary Table 4 Genes for PAH degradation could not be detected in symbiotic Cycloclasticus. One of the key characteristics of Cycloclasticus is their ability to degrade PAHs, which they can use as their sole energy and carbon source. Correspondingly, the genomes of cultivated Cycloclasticus contain multiple clusters of genes involved in the degradation of PAHs ( Supplementary Fig. 3 and Supplementary Table 5 ). Remarkably, none of the symbiotic Cycloclasticus genomes examined in this study, neither from the mussels nor the two sponge species, contained genes or transcripts attributable to PAH degradation (Supplementary Note 1 and 2 and Supplementary Fig. 3 ). These genomic and transcriptomic results were supported by incubation experiments on board with Cycloclasticus-bearing B. heckerae gill tissues; despite numerous attempts, we never observed oxidation of 14 C-labelled naphthalene to 14 CO 2 by gill tissues, while control experiments with Cycloclasticus pugetii ATCC 51542 always showed naphthalene oxidation (Supplementary Note 1 and Supplementary Methods). These results contradict an earlier study on two B. heckerae individuals collected at Chapopote in 2006, in which ring-hydroxylating oxygenase genes known to play a role in the degradation of aromatic compounds were amplified from mussel gill tissues 28 . It is possible that these PCR-amplified sequences originated from environmental contaminants rather than gill-associated symbionts.
Symbiotic Cycloclasticus use short-chain alkanes as an energy and carbon source. We found genomic, transcriptomic and proteomic evidence for the use of short-chain alkanes as an energy and carbon source in the Cycloclasticus symbionts examined in this study (Fig. 4 ). The first step in the oxidation of short-chain alkanes is their oxidation to an alcohol, and we hypothesize that this step is catalysed by copper-containing membrane-associated monooxygenases (CuMMO) in the symbiotic Cycloclasticus (Figs 4 and 5). CuMMOs that oxidize hydrocarbon compounds are called particulate hydrocarbon monooxygenases (pHMOs), and the most well-characterized of these is particulate methane monooxygenase (pMMO), which oxidizes methane to methanol.
It is now known that the phylogenetic and functional diversity of pHMOs is much greater than previously recognized, and pHMOs that are capable of oxidizing short-chain hydrocarbons have been described recently 30 . We found genes encoding pHMOs ( pmoCAB) in the Cycloclasticus symbionts of all three host species. These genes were genetically distant and phylogenetically distinct from the pMMO genes of the methane-oxidizing symbionts of these hosts and were most closely related to bacteria found in the DWH oil plume (Fig. 5 ). The Cycloclasticus symbiont pmoA sequences belonged to two groups: Group Z (ref. 31 ) and a clade of pHMOs related to those of short-chain alkane degrading Nocardioides 32 , and Mycobacterium 33 . The latter clade forms a sister group to Group X pHMOs, which are suggested to have a high affinity to ethane 34 or ethylene 35 (Fig. 5 ). Hereafter, we refer to this clade as Group X-like pHMOs. Transcriptomic analyses of the symbiotic Cycloclasticus from four B. heckerae individuals and the two encrusting sponge individuals revealed that their pHMO genes were the most highly expressed genes compared to all other genes involved in carbon metabolism ( Fig. 4 and Supplementary Tables 6  and 7 ) (transcriptomic sequencing of the branching sponge was not possible, as insufficient RNA was recovered). Proteomics revealed that subunit A of Group Z pHMO was among the most highly expressed Cycloclasticus proteins in three B. heckerae individuals (Supplementary Table 8 ).
The second step in the oxidation of short-chain alkanes, after these have been oxidized to alcohol, is the formation of an aldehyde. In many bacteria that oxidize alcohols, this reaction is catalysed by pyrroloquinoline quinone-dependent alcohol dehydrogenases (PQQ-ADH). Indeed, we found genes encoding PQQ-ADHs in the symbiotic Cycloclasticus of all three host species, and these were also highly expressed in their transcriptomes ( Fig. 4 , Supplementary Tables 6 and 7 ). The membrane-bound PQQ-ADH was also found in the Cycloclasticus proteome of one B. heckerae individual (Supplementary Table 8 ). The symbiotic Cycloclasticus PQQ-ADH sequences were highly similar (91%) to PQQ-ADHs assumed to oxidize ethanol and higher alcohols, rather than methanol 36 ( Supplementary Fig. 4 ).
In the third step of short-chain alkane degradation, the aldehydes are oxidized to carboxylic acids. This step could be carried out by the PQQ-ADHs of the symbiotic Cycloclasticus, as these enzymes have been shown 37 to oxidize aldehydes to carboxylic acids in butane-degrading Pseudomonas spp. This third step could also be achieved via tungsten-containing aldehyde ferredoxin oxidoreductases (AORs), which are known to use short-chain alkane derived aldehydes as their substrate 38 . AORs were highly expressed in the transcriptomes of Cycloclasticus symbionts of all three host species, and also present in the proteomes of Cycloclasticus from two B. heckerae individuals ( Supplementary Tables 8 and 9 ).
The genomes of the Cyclolcasticus symbionts from all three host species encoded genes that enabled them to fix carbon derived from C 2 -C 4 alkanes (Fig. 4 ), and many of these genes were highly expressed. These pathways are discussed in detail in Supplementary Notes 7 and 8. While carbon derived from C 2 -C 4 alkanes appears to play a central role in the metabolism of the symbiotic Cycloclasticus, it is unlikely that they can use methane or other C 1 compounds. Athough pMMOs and PQQ-ADHs are also highly expressed in metabolically active methanotrophs 39, 40 , their genes are phylogenetically distant from those of the symbiotic Cycloclasticus, suggesting functional divergence. Moreover, genes encoding key enzymes in C 1 assimilation pathways such as the ribulose monophosphate (RuMP) pathway, the serine cycle and the Calvin-Benson-Bassham (CBB) cycle were not present in the Cycloclasticus symbiont genomes.
In summary, given that genes involved in PAH degradation were not detected in our metagenomic, metatranscriptomic and metaproteomic data, and the high expression levels of genes involved in the use of short-chain alkanes such as pHMOs, PQQ-ADHs and AORs, the symbiotic Cycloclasticus investigated in this study most probably use gaseous non-aromatic short-chain hydrocarbons as energy and carbon sources. This is surprising, as all cultivated Cycloclasticus are able to degrade PAHs, but do not appear to use short-chain alkanes. The genomes of cultivated Cycloclasticus lack genes coding for the first two enzymes needed for their oxidation, pHMOs and PQQ-ADHs. AORs, the third group of enzymes, are present in the genomes of cultivated Cycloclasticus, but their protein sequences are only 70% similar to those of the symbiotic Cycloclasticus ( Supplementary Fig. 5 ).
DWH Cycloclasticus may also be able to degrade short-chain alkanes. We found genes encoding the first three enzymes central to the oxidation of short-chain alkanes-pHMO, PQQ-ADH and AOR-in genomes and transcriptomes from the DWH hydrocarbon plume that were highly similar to those of the symbiotic Cycloclasticus from Campeche Knoll hosts ( Fig. 5 , Supplementary Figs 4 and 5) . The Group X-like pHMOs, which were highly expressed in the mussel Cycloclasticus, were also present in a single amplified genome, SAG AC281-P21, and transcripts from the DWH oil plume 36 . These sequences formed a highly supported monophyletic clade with the Cycloclasticus symbionts ( Fig. 5 ). Correspondingly, the 16S rRNA sequence from the DWH SAG AC281-P21 belonged to the same clade as those from the B. heckerae Cycloclasticus symbionts (Fig. 3 ). The Group Z pHMOs from the Campeche Knoll mussel and sponge Cycloclasticus belonged to a monophyletic clade that included two DWH SAGs, as well as transcripts that accounted for 50% of all pmoA transcripts in a DWH plume transcriptome 36 (Fig. 5 ). This close phylogenetic relationship was supported by similarly close 16S rRNA gene sequences of one of the two SAGs (AC281-I03) and those of the Cycloclasticus symbionts from B. heckerae and the encrusting sponge ( Fig. 3 ). (The second SAG, AC281-N15, also belonged to the genus Cycloclasticus based on its 16S rRNA gene sequence, but was more distantly related to the symbiotic Cycloclasticus.)
As with the pHMOs, the PQQ-ADH sequences of the Cycloclasticus symbionts were most closely related to PQQ-ADH sequences from DWH bacteria and formed a highly supported clade with SAG AC281-P21, as well as transcripts from the hydrocarbon plume, with the latter constituting 38% of the total PQQ-ADH transcripts in the plume 36 (Supplementary Fig. 4) .
Symbiotic, free-living and cultivated Cycloclasticus contain AORs ( Supplementary Fig. 5 ). AOR sequences vary considerably within 
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the Cycloclasticus genus and form several distinct phylogenetic clades. Interestingly, SAG AC281-P21, which contained both pHMOs and PQQ-ADH, also had two copies of AOR: one similar to those of cultivated Cycloclasticus and the other similar to those of the symbiotic Cycloclasticus. SAG AC281-P21, AC281-I03 and AC281-N15 also contained PAH-degradation genes, such as dioxygenases, similar to those of cultivated Cycloclasticus (Fig. 3) . Hence, unlike the cultivated and symbiotic Cycloclasticus, some free-living Cycloclasticus may have the ability to use both PAHs and short-chain alkanes.
Short-chain alkanes are abundant in natural gas and oil seeps. Given the strong genomic and transcriptomic evidence for the use of short-chain alkanes by symbiotic Cycloclasticus from Campeche Knolls, we asked if these alkanes are present in their environment. In previous studies at Chapopote, high concentrations of C 2 -C 4 alkanes (in the low mM range) were measured at 2-10 cm depth in surface asphalts, and the fractions of these compounds ranged between 3% and 33% of total light hydrocabons 41 . In this study, we measured the concentrations and relative proportions of shortchain alkanes in the environment of the symbiont-bearing invertebrates at Campeche Knolls by sampling and analysing gas and oil bubbles a few centimetres above the invertebrate collection sites at Chapopote and Mictlan, and from a piece of surface asphalt with gas hydrate collected in the immediate vicinity of mussels and sponges at Chapopote. Concentrations of ethane, propane and butane in the asphalt were in the µM to low mM range, and their relative fractions ranged between 7% and 8% for C 2 , 1% and 4% for C 3 and 0.5% and 1% for C 4 isomers (Table 1) . Gas and oil bubbles from Chapopote and Mictlan contained considerable fractions of C 2 (1.5% and 16%), C 3 (0.4% and 14.5%) and C 4 (0.06% and 3.0%) ( Table 1 ). For comparison, in the DWH plume, which was dominated by propane and ethane-degrading bacteria in the late stages of the plume 10 , the dissolved gas in the plume contained similar concentrations and proportions of ethane and propane (for C 2 , 0.01-0.03 mM, 8-9%; for C 3 , ∼0.01-0.02 mM, 4-6%; for C 4 , 0.01-0.03 mM, 2-3%) 42 . These results show that in both anthropogenically induced and natural seafloor hydrocarbon seepage in the Gulf of Mexico, short-chain alkanes are present in considerable concentrations that are probably sufficient to support the growth of alkane-degrading bacteria.
Conclusions
Our study provides genomic and transcriptomic evidence for the use of short-chain alkanes by symbiotic and free-living Cycloclasticus. We thus provide a direct link between the phylogenetic identity of these bacteria and their metabolic function. Our results confirm earlier studies that found indirect evidence for the use of short-chain alkanes by Cycloclasticus based on their dominance in DWH plumes that had high rates of propane and ethane consumption, and stable isotope probing (SIP) with propane and ethane at natural hydrocarbon seeps 10, 34 . These results show that metabolic versatility within the Cycloclasticus is higher than previously assumed and not limited to PAH degradation.
All cultivated Cycloclasticus are very closely related to each other (Fig. 3, top clade) , and within this clade we found no evidence for genes involved in the use of short-chain alkanes. These bacteria appear to rely solely on PAH degradation. In contrast, SAGs from the DWH contained genes for the use of both PAHs and shortchain alkanes. Such a versatile metabolism could be advantageous for Cycloclasticus in their ephemeral environment. During the early development of hydrocarbon plumes, short-chain alkanes are abundant and their use costs less energy than that of PAHs. However, as plumes mature, the concentrations of short-chain alkanes can decrease and the plume Cycloclasticus can then switch to using PAHs (refs 10, 43, 44) .
It is intriguing that the symbiotic Cycloclasticus are the only bacteria within this genus that lack the ability to degrade PAHs, despite the high concentrations of PAHs in Campeche Knoll asphalts 45 . (Some SAGs from DWH do not have genes for PAH degradation (Fig. 3 ), but these genomes are only 25-50% complete.) Unlike DWH oil plume Cycloclasticus, symbionts experience a consistent supply of short-chain alkanes, determined by the host's location above a hydrocarbon source. The host can enhance the metabolic capacity of symbionts by providing a continuous supply of dissolved gases via active pumping. Moreover, given their protected environment within host tissues, the Cycloclasticus symbionts would not experience competition with free-living short-chain alkane degraders. Furthermore, the low aqueous solubility of PAH compared to short-chain alkanes, as well as diffusion barriers across the host cell membrane could limit the access of these symbionts to PAHs. The selective advantage in maintaining the large suite of genes needed for PAH degradation appears to no longer exist for symbiotic Cycloclasticus. Similarly, we could envision a similar selection-driven loss in free-living Cycloclasticus from environments with a continuous supply of short-chain alkanes, such as surface asphalt and sediments at hydrocarbon-rich seeps. Future molecular and physiological studies on both symbiotic and free-living Cycloclasticus are needed to test these hypotheses and gain a better understanding of how this group of bacteria contributes to the consumption of hydrocarbons.
Methods
Sample collection. Mussels and sponges were collected with the remotely operated vehicle (ROV) MARUM-QUEST 4000m during the RV Meteor M114-2 cruise to the Campeche Knolls in March 2015 (Fig. 1a) . B. heckerae and B. brooksi mussels were collected during three dives from the Chapopote 'bubble' site (21°54′ N; 93°26′ W) at a water depth of 2,925 m. This site is characterized by the presence of fresh asphalts, exposed gas hydrates and flourishing faunal communities (Fig. 1b ). An asphalt piece inhabited by both branching and encrusting sponges was also recovered from the 'bubble' site. Another encrusting sponge was collected at Mictlan *Concentrations of low-molecular-weight alkanes (in µmol l −1 bulk asphalt) and resulting C 1 /(C 2 −C 5 ) ratios in gas samples prepared from an asphalt/gas hydrate piece from one of the Chapopote invertebrate collection sites (GeoB19325-9). † Relative composition of light hydrocarbons (in mol% Σ(C 1 −C 6 )] and resulting C 1 /(C 2 −C 6 ) ratios in gas (Chapopote) and oil (Mictlan) bubbles above invertebrate collection sites (Fig. 1) . ND, not detected.
Knolls from a site at 3,106 m water depth that was characterized by the presence of fresh asphalts and considerable gas and oil bubbling (22°1′ N; 93°14′ W, Fig. 1c) . A detailed description of the collection sites is available elsewhere 24, 25 . Mussels were identified on board based on their morphology 46 . Their correct morphological identification was later confirmed based on 100% similarity of their COI genes to those collected from Chapopote in 2006 (ref. 28 ) and the published COI sequences for these species 47 (see section 'Genome analysis'). The symbiont-bearing gills of the mussels were dissected and fixed immediately after retrieval, as described at the end of this section. The sponges appeared intact immediately after collection, with no visible evidence of tissue damage. Encrusting sponge tissue was carefully removed from the underlying asphalt with a scalpel. The Mictlan sponge individual was fixed immediately upon retrieval. The Chapopote sponges were kept for several hours (at 4°C) on the asphalt piece to which they were attached in a bucket containing water collected together with the sample, until processed.
Samples for transcriptomic and metagenomic analyses were fixed in RNAlater (Sigma) according to the manufacturer's instructions and stored at -80°C. Samples for microscopy were fixed in 2% paraformaldehyde in 1× PBS for (at most) 12 h at 4°C, rinsed three times in 1× PBS and stored at 4°C in 0.5× PBS/50% ethanol.
Gas sampling and analysis. Gas bubbles (sample GeoB19325-13 from Chapopote, dive 354) and oil drops (GeoB19336-5 from Mictlan, dive 357) were collected with the MARUM-QUEST ROV several centimetres above mussel beds with the pressure-tight Gas Bubble Sampler 48 . Additionally, three gas samples were prepared on board from different parts of an asphalt/gas hydrate piece (GeoB19325-9) recovered from Chapopote Knoll (this piece was not the same as the asphalt sample described above from which the sponges were collected). Molecular compositions of C 1 -C 6 alkanes in gas and oil samples were determined by gas chromatography 48 .
FISH. FISH with mono-labelled probes was performed on 8 µm sections of both sponge species and gill tissues from four B. heckerae individuals as previously described 27 . The Cycloclasticus probe CYPU-829 (ref. 49 ) was used at 10% formamide as previously described 28 for the symbiotic Cycloclasticus together with probes targeting the B. heckerae methanotrophic and thiotrophic symbionts 27 . Images were acquired with a Zeiss Axioplan 2 epifluorescence microscope.
DNA and RNA extraction and sequencing. To account for a potentially uneven spatial distribution of Cycloclasticus, we homogenized whole gills from mussels with shell lengths <10 cm, with innuSPEED lysis tubes E (Analytik Jena). For larger mussels (>15 cm), a 5-cm-long gill subsample was homogenized. Following homogenization, DNA was extracted from six B. heckerae individuals ( Supplementary Table 1 ) according to a standard protocol 50 , with the following adaptations. Homogenate aliquots (25 µl) were treated with 40 µl proteinase K and 20 µl of 20 mg µl −1 RNase for 5 min at 37°C. RNA was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen) following the manufacturer's instructions for both B. heckerae gill and sponge samples ( Supplementary Table 1 ).
For the sponges, DNA and RNA were extracted in parallel with the AllPrep DNA/RNA Mini Kit (Qiagen). DNA/RNA quality was assessed with an Agilent 2100 Bioanalyzer. For the branching sponge individual, only the amount of DNA, and not RNA, was sufficient for sequencing. Ovation RNA-seq System V2 (NuGen) was used to synthesize cDNA. Genomic DNA and cDNA libraries were generated with the DNA library prep kit for Illumina (BioLABS). Genomic DNA was sequenced as follows: 12.5 million 250 bp paired-end reads were generated, and further sequencing was performed as 150 bp paired-end reads ( Supplementary  Table 1 ). cDNA libraries were sequenced as 100 bp paired-end reads. All samples were sequenced on the Illumina HiSeq 2500 platform at the Max Planck Genome Centre.
Genome analysis. Individual metagenomes were assembled with IDBA-UD (ref. 51), following decontamination, quality filtering (QV = 2) and adaptertrimming of the reads with the BBDuk tool from the BBMap suite (Bushnell B, http://sourceforge.net/projects/bbmap/). To determine the relative abundance of Cycloclasticus 16S rRNA gene sequences within the metagenomes, we used the phyloFlash suite (https://github.com/HRGV/phyloFlash). Host identity was verified by aligning the COI gene sequences from the metagenomes with the respective sequences in the NCBI database.
The Cycloclasticus symbiont genomes were binned based on genome coverage, GC content and taxonomic affiliation using Gbtools 52 and the differential coverage approach 53 when applicable ( Supplementary Fig. 3 ). To reassemble the genomes, we re-mapped Illumina reads to the bins using BBMap with 0.95 minimum identity. Paired-read overlap was merged with BBMerge (BBMap suite) for the 250 bp reads. The reads were reassembled with Spades v3.7 (refs 54, 55) , using a maximum k-mer length of 127 and by supplying the merged reads as long single reads. Following manual removal of contigs shorter than 800 bp and contamination screening, quality metrics were calculated with QUAST 56 and CheckM 57 (Supplementary Table 3 ). The genomes were annotated with RAST 58 and the DOE-JGI Microbial Genome Annotation Pipeline 59 . The annotations were manually cross-checked and the annotations for the main genes discussed here were verified using NCBI's BLAST 60 .
The ANI (ref. 61) were calculated with the ANI calculator (http://enve-omics.ce. gatech.edu/ani/). To identify the presence/absence of key metabolic genes in symbiotic and cultivated Cycloclasticus (Cycloclasticus sp. P1), we blasted their genomes against each other using tblastx (minimum identity of 0.4 and 0.00001 P-value cutoff ). We used GView 62 to explore the graphical representation of blast hits. We also mapped our metagenomic reads with BBMap using a minimum identity of 0.6 to the C. pugetii genome (GenBank accession no. NZ_ARVU01000001), to verify the results of the BLAST analyses (Supplementary Table 5 ).
Transcriptome analysis. Adapters and symbiont ribosomal RNA genes were removed from transcriptome reads with BBDuk. Transcriptome reads from each individual were mapped to the assembled Cycloclasticus genomes from the respective host with BBMap using a minimum identity value of 0.98. Mapped reads were assigned to genomic features with featureCounts 63 . To compare the transcriptome libraries of each individual, a normalization factor was estimated with calcNormFactors based on the trimmed mean of M-values (TMM) implemented in the edgeR package 64 . The TMM normalized read counts were converted to reads per kilobases of exon per million reads mapped (RPKM) with the Rsubread R package (http://www.bioconductor.org). The expression values were normalized to expression of housekeeping genes with high general expression stability, such as those encoding the DNA gyrase subunit A and B, and RecA (ref. 65 ). Sponge and mussel metatranscriptomes were assembled with Trinity 66 to verify the absence of transcripts involved in PAH degradation pathways (two individual sponge assemblies and one mussel assembly combined from four B. heckerae transcriptomic libraries). Blast+ 67 was used to search for candidate genes, such as aromatic hydrocarbon mono-and dioxygenases.
Proteome analysis. Protein extraction and peptide preparation. We prepared tryptic digests of gill samples from three B. heckerae individuals also used for transcriptomic analyses, following the filter-aided sample preparation (FASP) protocol 68 with some small modifications 69 . Peptides were not desalted. Approximate peptide concentrations were determined using the Pierce Micro BCA assay (Thermo Scientific Pierce) following the manufacturer's instructions.
One-dimensional liquid chromatography-tandem mass spectrometry (1D-LC-MS/MS). Samples were analysed by 1D-LC-MS/MS. For each mussel sample, three technical replicates were run. Two wash runs and one blank run were carried out between samples to reduce carry over. For each run, 2-7 µg of peptide were loaded onto a 5 mm, 300 µm ID C18 Acclaim PepMap100 pre-column (Thermo Fisher Scientific) using an UltiMateTM 3000 RSLCnano liquid chromatograph (Thermo Fisher Scientific) and desalted on the pre-column. After desalting the peptides, the pre-column was switched in line with a 50 cm × 75 µm analytical EASY-Spray column packed with PepMap RSLC C18, 2 µm material (Thermo Fisher Scientific), which was heated to 45°C. The analytical column was connected via an Easy-Spray source to a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). Peptides were separated on the analytical column, and mass spectra were acquired in the Orbitrap, as described previously 70 . Roughly 650,000 MS/MS spectra were acquired per sample (three technical replicates combined).
Protein identification and quantification. For protein identification, a database was created using all protein sequences predicted from the B. heckerae Cycloclasticus symbiont genome published in this study (PRJNA318571), from preliminary genomes of the other B. heckerae symbionts and from an EST library of the related host species B. azoricus 71 . CD-HIT was used to remove redundant sequences from the database 72 . The cRAP protein sequence database (http://www.thegpm.org/crap/) containing protein sequences of common laboratory contaminants was appended to the database. The final database contained 52,997 protein sequences. For protein identification, MS/MS spectra were searched against the database using the Sequest HT node in Proteome Discoverer version 2.0.0.802 (Thermo Fisher Scientific), as described previously 70 . Only proteins identified with medium or high confidence were retained, resulting in an overall false discovery rate of <5%. Between 4,960 and 7,742 proteins were identified per sample. The identified Cycloclasticus proteins are summarized in Supplementary Table 8 .
For protein quantification, normalized spectral abundance factors (NSAFs) were calculated for the Cycloclasticus proteins based on the number of peptide spectra matches (PSMs) per protein 73 and multiplied by 100. The NSAF% gives the relative abundance of a protein in a sample in % as compared to all other Cycloclasticus proteins ( Supplementary Table 9 ).
Cycloclasticus SAG generation and analysis. Samples were collected on 15 June 2010 from the deep-sea hydrocarbon plume created by the DWH (ref. 10) . The water sample used for SAG generation was collected from site 15, 12 km from the leaking wellhead, at a depth of 1,120 m. Seawater (1 ml) was cryopreserved with 6% glycine betaine and stored at −80°C. Single-cell sorting, whole-genome amplification and 16S rRNA gene PCR screening were performed at the Bigelow Single Cell Genomics Center, as described by Swan and colleagues 74 . High-quality 16S rRNA gene sequences were obtained from 170 SAGs; 54 of these were identified as Cycloclasticus and 6 were selected for sequencing. SAG sequencing, assembly, contamination screening and annotation were performed by the DOE Joint Genome Institute (JGI) following standard JGI protocols for microbial single-cell genomes.
Phylogenetic analyses. The evolutionary history of protein and 16S rRNA gene sequences was inferred by using the maximum likelihood method based on the Le Gascuel 2008 model 75 and Kimura 2-parameter model 76 for amino acid and nucleotide sequences, respectively. The trees with the highest log likelihood were chosen. The percentage of trees in which the associated taxa clustered together was determined based on 200 and 1,000 bootstrap resamples for amino acid and nucleotide sequences, respectively. Phylogenetic analyses were conducted in MEGA7 (ref. 77 ).
Data availability. COI gene sequences were submitted to GenBank under accession nos KU659139 (B. heckerae) and KU659136-8 (sponges). Genomes with curated metadata are available through the Integrated Microbial Genome (IMG) database 78 (analysis project GOLD IDs are summarized in Supplementary Table 2 ). Genomes were also submitted to NCBI in BioProjects PRJNA318571-3. Transcriptome reads that mapped to the Cycloclasticus symbionts were deposited in the European Nucleotide Archive under the accession no. PRJEB12576. SAG assembly statistics and annotations are available through the Integrated Microbial Genome (IMG) database under IMG taxon IDs 2599185276, 2599185294, 2599185283, 2602042074, 2599185280 and 2599185270. The mass spectrometry proteomics data and the protein sequence database have been deposited in the ProteomeXchange Consortium 79 via the PRIDE partner repository with data set identifier PXD005351.
